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Introduction
One of the most widely studied methods for forming C-N bonds is the aza-Michael addition.
1 This has classically involved the addition of aliphatic amines to α, β-unsaturated carbonyl compounds, but has been expanded to suit a plethora of acceptors and donors. 1 Due to the reduced nucleophilicity of aromatic amines, methods for conjugate additions to these compounds are less varied, and are often limited to reactive acceptors such as methyl vinyl ketone. 2-4 Activation using Lewis acids, 5 or high pressures, 6 are examples of the conditions required for conjugate addition to other acceptors. Clearly, more varied and practical methods are required for these important reactions.
During attempts to assemble enamine functionalities, we noticed that aniline 1a underwent an efficient conjugate addition to 3-butyn-2-one 2a in EtOH at RT without any activation (Scheme 1). Enaminone 3a was easily isolated in an excellent yield by Kugelrohr distillation, with high selectivity for the Z-isomer, according to NMR. Such a reaction has been reported in water, 7 and a variety of methods have been developed to synthesize similar compounds, 8 including the use of palladium catalysts, 9 and silica. 10 In comparison, our protocol was more convenient and effective, and did not require any specialized reagents or catalysts. Accordingly we decided to further investigate the applicability of this convenient method towards anilines and other amines of varied nucleophilicity, and to explore the structural characteristics of the resultant enaminones using in situ FTIR spectroscopy.
Scheme 1: Facile conjugate addition of aniline 1a to 3-buytn-2-one 2a to give the corresponding enaminone 3a.
Results and Discussion
Previous FTIR studies showed that enaminones exhibit a carbonyl stretch at lower wavenumber than typical ketones due to conjugation with the amine group. 11 We therefore anticipated that we could use in situ FTIR spectroscopy (ReactIR TM ), 12 to explore and follow the conjugate addition reaction in detail by tracking the loss of the ynone carbonyl stretch of 2a and the rise of the enaminone carbonyl stretch. Table 1 . Comparison of the reaction solvent in the conjugate addition of aniline 1a to 3-butyn-2-one 2a to give enaminone 3a.
a Aniline 1a (0.0910 mL, 1.0 mmol) was stirred with 3-butyn-2-one 2a (0.0782 mL, 1.0 mmol) in the reaction solvent (4 mL The effect of the solvent on the reaction between aniline, 1a and 3-butyn-2-one, 2a
was first assessed, with monitoring by in situ FTIR. In all solvents, a clear carbonyl stretch was detected at around 1680-1690 cm -1 upon addition of 2a. When 1a was added, in the case of EtOH a rapid decline of the 2a carbonyl stretch was detected, and was accompanied by the concomitant appearance of the 3a enaminone carbonyl stretch at around 1640 cm -1 . In the nonpolar toluene, a similar spectral effect was observed, although the reaction was found to be significantly slower, and indeed was far from completion after 16 hours according to 1 H NMR. A comparably slow rate was observed in DCM. The more polar THF showed no obvious reaction by in situ FTIR and only trace amounts of 3a were evident by 1 H NMR. Only the reactions with the more polar solvents H 2 O and DMSO exhibited reasonable conversions to 3a, although still at a significantly slower rate than the reaction in EtOH. Clearly, at room temperature, EtOH exhibited a substantial rate enhancement compared to the solvents.
With the ideal solvent identified, the reaction was conducted using a variety of anilines, with monitoring by in situ FTIR. Close monitoring of the reaction between aniline 1a and 2a indicated a rapid reaction, with only around 20 minutes required to effect complete conversion to enaminone 3a (Table 2) , which allowed straightforward isolation of 3a in a 92% yield via Kugelrohr distillation. Both mildly, and strongly activated anilines (1b-f) reacted with 2a at similar rates compared to 1a, and the resulting enaminones 3b-f were isolated in excellent yields by Kugelrohr distillation, which proved to be a quick, easy and highly effective purification method. Reactions of 2a with electron deficient anilines were much slower. For example, 4-chloroaniline and 4-bromoaniline (1h-i) reacted to give enaminones 3h-i in 6 and 3.5 hours respectively, but with similarly high yields to the activated anilines. Accurate FTIR monitoring of the reaction between 2a and ethyl 4-aminobenzoate 1g was difficult due to the overlap of the carbonyl stretch of 2a with the ester carbonyl stretch of 1g. TLC indicated conversion to 3g after 24 hours.
Addition of 2a to 4-nitroaniline 1j was found to be remarkably slow, and precipitation of the product 3j also caused unreliable FTIR monitoring. anilines is striking. 4-Iodoaniline and 4-iodo-2-methylaniline 1k-l, were converted to the corresponding enaminones 3k-l in good yields over 5 hours. Figure 1 shows the FTIR spectra of the reaction between 1f and 2a at select time points. After addition of 2a (t = 0:00), the carbonyl stretch of 2a (1693 cm -1 ) was visible. When 1f was added, a rapid appearance of the 3f carbonyl stretch (1640 cm -1 ) was observed. This was accompanied by the decline of the carbonyl stretch of 2a.
Clearly the majority of product 3f was formed after only around 3 minutes, and the reaction rate decreased as the concentration of the reactants declined. At t = 21:16, the carbonyl stretch of 2a was no longer evident, and the carbonyl stretch of 3f remained constant indicating that the reaction was complete. consistent with typical values. 18, 19 Comparison of the N7-C8 bond (1.35 Å) with the C8-C9 double bond (1.36 Å) shows that this N-C bond is slightly shorter than the alkene. This is consistent with this formal single bond possessing a significant degree of imine character. Interestingly, when the 1 H NMR spectrum of 3a was recorded in chloroform-d 1 immediately after SiO 2 chromatography, the compound had isomerized to a 1:1 mixture of the Z-and E-isomers. The broad signal for the N-H proton of the E-isomer was evident at much higher field (7.13 ppm) compared to the Z-isomer, indicating that this proton was not significantly hydrogen bonded. 14,21 Furthermore, when the 1 H NMR spectrum of a second fraction of 3a was recorded one hour after chromatography, the Z/E-ratio had returned to 97:3, where it remained indefinitely in chloroform-d 1 . This observation provided clear evidence that enaminones 3a-3l exist in configurational equilibria that favor the Z-isomer, and that the observed Z/E-ratio is not governed by the initial conjugate addition reaction. 11, 15 Passing the products through SiO 2 likely causes protonation of 3a, presumably via the ketone oxygen, which disrupts the internal hydrogen bond required for stabilization of the Z-isomer and thus results in the temporary adoption of the sterically, and electronically favored E-isomer. However, the thermodynamic stabilization gained from formation of the intramolecular hydrogen bond shifts the equilibrium towards the Z-isomer over time. The fascinating effect of hydrogen bonding is highlighted in Figure 4 . The reaction with 2a was performed using N-methylaniline, 1m to eliminate the intramolecular hydrogen bond and assess the resulting configurational and conformational effects. The reaction proceeded with equal efficacy to the activated anilines, and FTIR monitoring showed that the carbonyl stretch of enaminone 3m
presented at a higher wavenumber than the other enaminones in EtOH (1658 cm -1 , compared to around 1640 cm -1 ). 13 After isolation in a 93% yield, 1 H NMR analysis in chloroform-d 1 showed that 3m exclusively existed in an E configuration. While the addition of the methyl group likely induces a greater steric barrier to the adoption of the Z-configuration, it is clear that the removal of the ability to hydrogen bond also has a profound effect on the alkene geometry of 3m. NOESY NMR experiments indicated that, on the NMR timescale, neither the E,s-cis nor E,s-trans forms are favored (according to NOE interactions between the ketone methyl and the alkene protons), presumably due to facile rotation of the alkenyl ketone unit around the C-N bond.
14 Differentiation between Z,s-trans and Z,s-cis forms of enaminones via FTIR is straightforward, whereas conformational assignment of the E-isomers has typically been more difficult due to the very subtle differences between the corresponding IR spectra. 22 We therefore cannot unequivocally assign the conformation (or suggest that one predominates at all) of the E-isomer of 3m, and by extension, enaminones 3a-l.
22
Higher wavenumber carbonyl stretches in solid state FTIR, and lower λ max values have been observed for E-enaminones compared to the corresponding Zsystems. 16, 23, 24 Indeed, the carbonyl stretch of 3m was also identified at a higher wavenumber (1662 cm -1 ), and of lower intensity when the solid state FTIR spectrum was compared to those of the other enaminones, 3a-l (1627-1660 cm -1 ). Furthermore,
The ketone stretches of all the enaminones are also very sharp in the solid state FTIR spectra, with no obvious shoulders in the case of 3a-l (unlike Figure 1) . These findings indicate that enaminones 3a-l exist exclusively in the Z-configuration in the solid state. 21 UV-Vis analysis also showed that 3a in chloroform exhibited a significantly longer wavelength, lower intensity absorbance band (343 nm) compared to 3m (316 nm).
16
These analyses further supported the notion that the subtle shoulder at 1669 cm -1 in Figure 1 originates from the E-isomer of 3f. 22 The consistent 1:1 ratio of the Z/E-isomers of 3a exhibited in methanol-d 4 over 6 days shows that isomerization is likely to be very rapid in alcohols. Therefore, upon formation in the reaction, the enaminones are instantly converted to a 1:1 ratio of Z/E-isomers. after isolation. The relaxation of the Z/E equilibrium was followed by monitoring the intensity of the carbonyl stretches of the E-and Z-isomers over time (time proceeds from blue to red). Initially a small amount of the E-isomer (1672 cm -1 ) is present, but this converts to the Z-isomer (1644 cm -1 ) over 1 hour.
22
To confirm this hypothesis, we utilized in situ FTIR monitoring to observe the isomerization equilibrium as it relaxes after isolation of 3a ( Figure 5 (Figure 4) .
In an attempt to understand the mechanism of this facile isomerization process, we prepared separate solutions of 3a with a conjugate addition acceptor (methyl vinyl ketone), and with a conjugate addition donor (4-methoxyaniline, 1f), in a range of deuterated solvents. If the isomerization proceeded via rapid elimination, rotation and readdition of the enone unit, one would expect to observe additional conjugate addition products. However, 1 H NMR monitoring of these solutions over one week indicated that there was no perturbation of the Z/E equilibrium and no additional conjugate addition products. Therefore, given the significant degree of imine character evident in the X-ray crystal structures of 3g and 3l, we can suggest that the enaminone alkene configurations interconvert through a simple rotational process. With the conformational preferences of enaminones 3a-l understood, we assessed the utility of the method towards amines and ynones of varied structure (Table 3) . As expected, in situ FTIR indicated that unhindered primary alkylamines, 1n and 1o, reacted even faster with 2a than the activated anilines due to their increased nucleophilicity. 3, 4, 7 Even the hindered diisopropylamine 1p reacted at a similar rate, presumably due to the strongly electron donating alkyl groups. However, further increasing steric hindrance (2,2,6,6-tetramethylpiperidine 1q) caused a significant reduction in rate, though the reaction still provided enaminone 3q in a convenient timeframe (6 hours). The alkylamine-derived enaminones were all easily isolated in excellent yields via Kugelrohr distillation.
15,23
Heteroaromatic amines exhibited a significant decrease in reactivity, due to their reduced nucleophilicity. In-situ FTIR analysis of the reactions between 1r-t and 2a was much more complex than the other amines, and the solutions swiftly turned a very dark red color. Indeed, all three reactions returned viscous black tars. In contrast to the exceptionally clean crude reaction mixtures of the other amines, crude 1 H NMR and GCMS analysis of the heteroaromatic amine reactions indicated mainly unreacted amines, an array of unidentified side products and low conversion to the desired enaminone (3r and 3s). Due to these very complex mixtures, we were unable to isolate enaminones 3r-s chromatographically. Enaminone 3t was not observed in the case of the reaction between 2-aminopyrimidine 1t and 2a and mainly unreacted starting material was evident.
The reaction was conducted with 1-phenyl-2-propyn-1-one 2b and methyl propiolate 2c in order to assess the effect of the ynone acceptor. 7 Morpholine 1u and aniline 1a reacted with 2b at similar rates to the reactions of nucleophilic amines with 2a due to the similar electrophilicity of the ynone. However, reaction of 1a with the less electrophilic 2c exhibited a significant reduction in rate. 37 Enaminones 3u-w were all also isolated in good yields using the Kugelrohr distillation protocol.
Indeed, the rapid reaction time and straightforward purification of most of the enaminones reported herein indicate that this conjugate addition methodology would be ideal for quick generation or diversification of compound libraries for drug screening.
Conclusion
In conclusion, a mild, effective and practical protocol for the synthesis of a range of enaminones has been demonstrated. In situ FTIR highlighted the facile E/Zisomerization of the enaminone products during the reaction. Further analytical work explored this isomerization equilibrium, and confirmed the preferential adoption of a Z-configuration in the solid state and in solvents with poor hydrogen bonding ability; a characteristic that has occasionally been mistakenly attributed to stereoselective reaction conditions in the past. Given the high degree of imine character exhibited in the crystal structures of 3g and 3l, it can be suggested that the enaminone alkene configurations interconvert through a simple rotational process. The straightforward method and Kugelrohr purification protocol enables rapid access to these interesting compounds.
Experimental Section
Typical laboratory grade ethanol was used for all reactions. Reagents were purified via Kugelrohr distillation under vacuum, if required. Vacuum distillation/sublimation was performed using a Kugelrohr operating at a pressure of around 0.5-2.0 Torr.
NMR peaks are reported as singlet (s), doublet (d), triplet (t), quartet (q), broad (br),
combinations thereof, or as a multiplet (m) with reference to the CHCl 3 peak ( 1 H = 7.26 ppm, 13 C = 77.23 ppm). ES-MS was performed using a TQD mass spectrometer with a UPLC, and accurate mass measurements were obtained using a QtoF mass spectrometer with a UPLC. Solid state FTIR spectra were recorded using an FT-IR spectrometer. Melting points were uncorrected. All in situ FTIR spectroscopy experiments were carried out using an in situ FTIR spectrometer with MCT detector, sampling at 2000-650 cm -1 . The 1 H NMR spectra of the Z enaminones exhibit small amounts (0-3%) of the corresponding E isomer due to the observed isomerization equilibrium.
Example synthetic procedure: An amine (1.0 mmol) was added to a solution of 3-butyn-2-one, 2a (0.078 mL, 1.0 mmol) in EtOH (4 mL) and the resulting solution was 
